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ABSTRACT
We examine the effects of stellar feedback and bursty star formation on low-mass galaxies
(Mstar=2×10
6−5×1010Me) using the Feedback in Realistic Environments (FIRE) simulations. While
previous studies emphasized the impact of feedback on dark matter proﬁles, we investigate the impact on the stellar
component: kinematics, radial migration, size evolution, and population gradients. Feedback-driven outﬂows/
inﬂows drive signiﬁcant radial stellar migration over both short and long timescales via two processes: (1)
outﬂowing/infalling gas can remain star-forming, producing young stars that migrate ∼1 kpc within their ﬁrst
100Myr, and (2) gas outﬂows/inﬂows drive strong ﬂuctuations in the global potential, transferring energy to all
stars. These processes produce several dramatic effects. First, galaxies’ effective radii can ﬂuctuate by factors of
>2 over ∼200Myr, and these rapid size ﬂuctuations can account for much of the observed scatter in the radius at
ﬁxed Mstar. Second, the cumulative effects of many outﬂow/infall episodes steadily heat stellar orbits, causing old
stars to migrate outward most strongly. This age-dependent radial migration mixes—and even inverts—intrinsic
age and metallicity gradients. Thus, the galactic-archaeology approach of calculating radial star formation histories
from stellar populations at z=0 can be severely biased. These effects are strongest at Mstar≈10
7–9.6Me, the
same regime where feedback most efﬁciently cores galaxies. Thus, detailed measurements of stellar kinematics in
low-mass galaxies can strongly constrain feedback models and test baryonic solutions to small-scale problems
in ΛCDM.
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1. INTRODUCTION
Low-mass “dwarf” (Mstar109Me) galaxies provide
probes of structure formation on the smallest cosmological
scales and thus represent compelling laboratories for testing the
ΛCDM (cold dark matter plus a cosmological constant)
framework. In addition, because low-mass galaxies reside in
low-mass halos with shallow gravitational potential wells and
low escape velocities, they are highly sensitive to stellar
feedback as compared to more massive galaxies.
During episodes of star formation, radiation pressure,
photoionization and photoelectric heating, stellar winds, and
supernovae inject both energy and momentum into the
interstellar medium (ISM). Especially in low-mass galaxies,
these processes can fuel powerful galactic winds that drive
signiﬁcant ISM mass into the halo (Larson 1974; Dekel &
Silk 1986; van Eymeren et al. 2007) and cause the star
formation rate (SFR) to decline until gas cools and reaccretes
back into the galaxy. As a result, low-mass galaxies are thought
to have highly stochastic and bursty SFRs (for example, Gerola
et al. 1980; Stinson et al. 2007; McQuinn et al. 2010; Weisz
et al. 2011; González-Samaniego et al. 2014), which in turn can
have signiﬁcant effects on these galaxies’ dynamical and
morphological evolution. For instance, bursty star formation
may explain the lack of coherent, rotationally supported disks
in galaxies with Mstar109.5Me (Kaufmann et al. 2007;
Muratov et al. 2015; Simons et al. 2015) and the fact that star-
forming galaxies are more likely to be dispersion-supported at
low mass than at high mass (Roychowdhury et al. 2010;
Sánchez-Janssen et al. 2010; Teyssier et al. 2013; Wheeler
et al. 2015).
Many studies have shown that stellar feedback-driven gas
outﬂows can displace a signiﬁcant fraction of a galaxy’s total
gas mass (for example, Mathews & Baker 1971; Haehnelt 1995;
Christensen et al. 2015; Muratov et al. 2015), and several
recent works have investigated how the resulting time-varying
potential can transfer orbital energy to dark matter. Baryon-
driven potential ﬂuctuations have been invoked as a possible
solution to several of the discrepancies between the predictions
of the ΛCDM framework and observation, including the “core-
cusp” problem (for example, Navarro et al. 1996; Mashchenko
et al. 2008; Pontzen & Governato 2012; Chan et al. 2015;
Oñorbe et al. 2015; Tollet et al. 2015) and the related “too-big-
to-fail” problem (Boylan-Kolchin et al. 2011; Zolotov
et al. 2012; Garrison-Kimmel et al. 2013; Chan et al. 2015;
Dutton et al. 2015), demonstrating that baryonic physics can
have signiﬁcant and lasting effects on the distribution of
(collisionless) dark matter.
Stars are also (effectively) collisionless and thus feel the
same ﬂuctuations in the gravitational potential that transfer
energy to dark matter. Therefore, one might expect the
kinematics of stars to respond to feedback-driven outﬂows in
much the same way as dark matter. Some theoretical works
have shown that gas outﬂows/inﬂows can drive kinematic
ﬂuctuations of all matter in the central regions of bursty gas-
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rich dwarf galaxies, particularly at high redshifts (Stinson
et al. 2009; Maxwell et al. 2012; Teyssier et al. 2013; Chan
et al. 2015; Governato et al. 2015). However, few works have
studied in detail the effects of outﬂows on stellar kinematics,
especially at late cosmic times.
Stellar migration has been studied extensively in other
contexts, though mostly in massive (∼L*), disk-dominated
galaxies. Here, non-axisymmetric gas and stellar structures
within the disk have been shown to drive radial migration
without appreciably heating the stellar population (Sellwood &
Binney 2002; Roškar et al. 2008a; Di Matteo et al. 2013;
Loebman et al. 2015). However, fewer works have investigated
radial migration in low-mass galaxies. Because low-mass
galaxies generally lack strong disks, bars, or spiral arms, radial
migration often is assumed to be less important in this regime.
Some previous studies of low-mass galaxies have found that
their stellar orbits are perturbed primarily by gentle dynamical
heating (Stinson et al. 2009; Schroyen et al. 2013; Teyssier
et al. 2013), which becomes important only on cosmological
timescales (if at all) and does not appreciably change radial
population gradients. In general, most studies of stellar
kinematics and radial migration assume that the global galactic
potential is smooth and varies gradually over time. However,
the many recent studies of dark-matter coring, as cited above,
demonstrate that this assumption is not necessarily valid in the
low-mass regime.
In this work, we investigate in detail the effects of stellar
feedback-driven gas outﬂows/inﬂows on stellar kinematics in
isolated low-mass galaxies using cosmological zoom-in
hydrodynamic simulations. We examine how feedback drives
rapid radial migration of stars over short timescales and
demonstrate that the cumulative effects of many starburst
episodes drive systematic outward migration over cosmological
timescales. We organize our paper as follows. In Section 2, we
describe our simulations and the properties of our galaxy
sample at z=0. In Section 3, we examine in detail one of our
galaxies as a case study, highlighting its bursty star formation
and the effects of gas outﬂows/inﬂows on stellar kinematics,
radial migration, and population gradients. In Section 4, we
explore this behavior across our entire galaxy sample. In
Section 5, we discuss the relation between stellar migration and
dark matter coring and compare with previous theoretical and
observational results. Finally, in Section 6, we summarize our
results and discuss possible observational tests.
2. METHODS
2.1. FIRE Simulations
We use cosmological zoom-in hydrodynamic simulations of
isolated galaxies from the Feedback in Realistic Environments
(FIRE) project8 (Hopkins et al. 2014). All simulations were run
using the GIZMO code (Hopkins 2015) with pressure-entropy
based smoothed particle hydrodynamics (P-SPH; Hop-
kins 2013) and an updated version of the PM+TREE gravity
solver from GADGET-3 (Springel 2005). For more details and
tests of GIZMO, see Hopkins (2015). All of our runs use a
ΛCDM cosmology with (ΩM, ΩΛ, Ωb, h)=(0.272, 0.728,
0.0455, 0.702). Because all of our simulations have been
presented in previous works, we brieﬂy summarize only the
most important features.
Our simulations incorporate gas dynamics and radiative
cooling using tabulated cooling rates from CLOUDY (Ferland
et al. 2013) across 10−1010 K, which include cooling from
atoms, metals (using 11 species), and molecules. We include
ionization and heating from a redshift-dependent ultraviolet
background computed in Faucher-Giguère et al. (2009) and
estimate self-shielding in dense gas via an on-the-ﬂy local
Jeans-length approximation.
As the simulation evolves, stars form as individual gas
particles turn into star particles if three conditions are met:
1. The local gas density must be n>nSF, where
nSF=100 h
2 cm−3≈50cm−3.
2. Star-forming gas must be locally self-gravitating.
3. Star-forming gas must be molecular, as determined by the
molecular fraction calculated from the local column
density and metallicity according to Krumholz &
Gnedin (2011).
If these conditions are met, star particles form with an
instantaneous efﬁciency of 100% per local free-fall time,
though stellar feedback quickly regulates this efﬁciency within
a gas cloud. Each star particle that forms represents a single
stellar population with single age and metallicity, assuming a
Kroupa (2002) initial mass function.
Some previous papers using FIRE simulations cited
n>nSF=100 cm
−3, inadvertently omitting the h2 term. We
cite the correct value here. Regardless of the exact threshold,
we emphasize that the most important criterion in the FIRE
model is that star-forming gas must be locally self-gravitating:
we have tested thresholds of nSF=5−500 cm
−3 and ﬁnd no
signiﬁcant differences in galaxy-wide properties.
As star particles evolve, they deposit energy, momentum,
mass, and metals into nearby gas particles. We incorporate a
comprehensive set of stellar feedback processes, as detailed in
Hopkins et al. (2014): radiation pressure from massive stars,
local photoionization and photoelectric heating, core-collapse
and SNe Ia with appropriate momentum and thermal energy
injection, and stellar winds. We use energy, momentum, mass,
and metal return computed directly from STARBURST99
(Leitherer et al. 1999); we never turn off cooling of supernova-
heated gas. This feedback is injected into the ≈32 gas particles
nearest to a given star particle, with each gas particle receiving
a fraction proportional to hj
3, where hj is the gas particle’s
kernel length.
We simulate each galaxy individually using the cosmologi-
cal “zoom-in” technique (Porter 1985), following the method
outlined in Oñorbe et al. (2014). We ﬁrst run several lower-
resolution dark-matter-only cosmological simulations at uni-
form resolution to identify isolated halos of interest. We then
trace the particles around each halo at z=0 back to their initial
conditions at z=100 and reinitialize this Lagrangian volume
at higher resolution with dark matter and gas particles using the
MUSIC code (Hahn & Abel 2011). We then run these zoom-in
initial conditions to z=0. For further details, see Hopkins
et al. (2014) and Chan et al. (2015).
2.2. Galaxy Sample
Table 1 summarizes the properties of our simulated
galaxies at z=0.9 We study eight galaxies across
8 http://ﬁre.northwestern.edu
9 Because m11v is undergoing a major merger at z=0, we cite its values and
carry out our analysis at z=0.2, before the merger begins, not at z=0.
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Table 1
Parameters of the Simulations at z=0
Name log(M200m)
(Me)
R200m
(kpc)
log(Mstar)
(Me)
Re
(kpc)
R90mass
(kpc)
fgas α log (Nstar) tdyn
(Myr)
mdm
(Me)
mb
(Me)
òdm
(pc)
òstar
(pc)
ògas
(pc)
m10 9.92 64 6.35 0.17 1.40 0.77 −1.63 4.04 78 1.3e3 2.6e2 29 7 3
m10.1 10.16 77 7.22 0.65 3.97 0.88 −0.65 3.98 194 1.0e4 2.1e3 43 7 4
m10.2 9.84 61 8.08 0.47 2.62 0.41 −0.76 4.81 160 1.0e4 2.1e3 43 7 4
m10.6 10.60 110 8.47 1.94 9.02 0.81 −0.43 5.23 263 1.0e4 2.1e3 100 21 10
m11 11.17 170 9.32 5.26 15.45 0.48 −0.37 5.47 296 3.5e4 7.1e3 71 14 7
m11v 11.28 150 9.36 4.39 14.05 0.46 −0.34 4.73 282 2.8e5 5.7e4 142 14 7
m11.2 11.23 180 9.59 3.99 14.87 0.50 −0.36 5.43 263 8.3e4 1.7e4 100 21 10
m12i 12.09 340 10.74 5.35 12.50 0.33 −1.32 5.99 88 2.8e5 5.7e4 142 50 20
Note. R200m is the radius at which ρ (<R200m)=200 ρmatter, where ρ (<R200m) is the average matter density over a sphere of radius R200m.M200m andMstar are the total mass and stellar mass inside
R200m and 0.1 R200m, respectively. Re is the effective radius enclosing 50% of the stellar light above a surface-brightness threshold of 26 mag arcsec
−2 in the r-band; R90mass is the radius enclosing
90% of the stellar mass. fgas=Mgas/(Mstar+Mgas) is the gas fraction inside 0.1 R200m. α is the central slope of the dark matter density proﬁle (ρDM∝r
α) in the interval r=(1%–2%) R200m. Nstar
is the number of star particles inside R90mass. p r=t G3 16dyn ¯ is the dynamical time within R90mass, using the average density of all matter, r¯. mdm and mb are the average particle masses for dark
matter and baryons; òdm, òstar, and ògas are the minimum gravitational softening lengths, in physical units.
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Mstar (z=0)=2×10
6Mstarto 5×10
10Mstar. Our analysis
focuses primarily on the seven low-mass “dwarf” galaxies with
Mstar (z=0)<5×10
9Mstar. We include a Milky Way-like
galaxy (m12i) as a comparison for the low-mass regime. All of
these galaxies are isolated at z∼0, with no more massive halo
within at least 5 R200m, where R200m is the spherical radius
enclosing 200× the average matter density of the universe.
All our galaxies have been presented in previous papers.
Speciﬁcally, Hopkins et al. (2014) ﬁrst presented m10, m11,
m11v, and m12i, showing that these galaxies reproduce the
observationally inferred Mstar–Mhalo relation at all redshifts
where observational constraints are available. Chan et al.
(2015) ﬁrst presented m10.1, m10.2, m10.6, and m11.210 and
showed that the physically motivated FIRE feedback prescrip-
tion produces realistic dark matter density proﬁles for all the
galaxies in our sample. Furthermore, Ma et al. (2015) studied
the enrichment histories of m10, m11, m11v, and m12i and
showed that these galaxies reproduce the observed redshift-
evolution of the mass–metallicity relation; Muratov et al.
(2015) studied m10, m11, and m12i and showed that mass-loss
from feedback-driven gas outﬂows can explain the suppressed
star formation efﬁciencies of low-mass galaxies; Faucher-
Giguère et al. (2015) studied m10, m11, and m12i at redshifts
z=2−4 and found that these galaxies reproduce the the dense
H I covering fractions of observed Lyman-break galaxies; and
Sparre et al. (2015) studied the burstiness of the SFHs of m10,
m11, and m12i and compared this with observed local galaxies,
ﬁnding that the simulations reproduce the observed main
sequence of star formation but may overpredict the quenched
fraction at Mstar109.5Me.
2.3. Calculating Centers and Sizes of Galaxies
We deﬁne the center of a galaxy (which also deﬁnes the
center of its host halo) via an iterative zoom-in method using
only star particles. We ﬁrst calculate the center of (stellar) mass
using the entire zoom-in region. We then recalculate this
iteratively by reducing the search radius by 50% at each
iteration until we identify the position that encompasses only
32 particles. This iterative zoom-in method ensures that we
always center on the density peak closest to the center of mass.
We also experimented with centering on dark matter rather than
stars, ﬁnding only modest (<10%) differences in our results for
radial migration.
In an effort to both measure the most physically meaningful
sizes and compare our simulations to observations, we use two
size measurements for each galaxy. First, we compute R90mass,
the spherical radius that encloses 90% of the total Mstar. We
also compute Re, the effective radius that encloses half of the
(observable) light.
We calculated Re as follows. First, we construct a grid of
6150 r-band luminosity functions calculated from the most
recent Padova isochrones (Bressan et al. 2012), assuming a
Kroupa (2002) initial mass function. These are logarithmically
spaced in stellar age and linearly space in metallicity to span
the full range of stellar properties in the simulations. We
integrate over each luminosity function to obtain a grid of
stellar luminosities per unit initial mass as a function of age and
metallicity. We assign each star particle a luminosity by
interpolating its age and metallicity from the grid and
weighting the result by its initial mass. Finally, we mock
observe each galaxy along a given line of sight to calculate the
surface brightness in elliptical radius bins that are aligned with
the galaxy’s major axis. Our measurements of Re do not
attempt to account for scattering or dust attenuation.
We deﬁne Re as the semimajor axis of the ellipse that
contains 50% of the light above an r-band surface brightness
threshold of 26 mag arcsec−2 (similar to the SDSS observations
against which we compare). We quantiﬁed the line of sight
scatter in these measurements via mock observations along
randomly chosen lines of sight. None of our galaxies with
Mstar<10
10Me have axis ratios <0.5, and the Re calculated
along different lines of sight differ by only ∼10%. As an
additional sanity check, we also experimented with ﬁtting
Sérsic proﬁles to our galaxies, ﬁnding that they generally yield
effective radii within 10% of the radii calculated above.
2.4. Effects of Resolution
To test whether our results depend signiﬁcantly on
resolution, we analyzed two of our galaxies (m11 and m11.2)
simulated at 8 times lower resolution in mass. In both
simulations, the instantaneous SFR is more bursty in the
lower-resolution runs, but the burstiness of the SFR averaged
over 100Myr is unchanged. For both galaxies, we ﬁnd that the
fractional radial migration, population gradients, and size
ﬂuctuations agree to within a few percent at both resolutions.
We thus conclude that, although star formation in the FIRE
simulations depends somewhat on resolution (see Hopkins
et al. 2014; Sparre et al. 2015), the speciﬁc processes that we
study—radial migration, size ﬂuctuation, and the effect on
population gradients—do not depend signiﬁcantly on
resolution.
3. CASE STUDY: EVOLUTION OF A SINGLE GALAXY
We present our results in two parts. First, in this section, we
examine in detail the SFH, stellar and gas kinematics, size
evolution, and population gradients of a single galaxy, m10.6,
with Mstar (z=0)≈ 3×10
8Me (see Table 1). We use this
galaxy, which is representative of the mass regime in which
radial migration is most signiﬁcant, as a case study to explore in
detail both short-timescale behavior across a single gas inﬂow-
outﬂow episode and long-term trends across cosmic time. Then,
in Section 4, we present results for all eight galaxies to highlight
trends with Mstar from 2×10
6 to 5×1010Me.
3.1. Bursty Star Formation Histories
The SFHs of our low-mass galaxies are highly stochastic,
even at late cosmic times. Figure 1 shows the speciﬁc star
formation rate (sSFR=SFR/Mstar) of m10.6 from z=1 to 0.
We focus on late-time evolution to highlight behavior at
redshifts where such low-mass galaxies currently are
observable.
Bursty star formation (even at late times) is typical of our
simulated galaxies near this mass (Sparre et al. 2015). This
burstiness is driven by stellar feedback, which drives gas
outﬂows and regulates the central gas density on short
timescales. Following a burst of star formation, young stars
and supernovae inject energy and momentum into the ISM to
drive gas out into the halo, temporarily disrupting star
formation. However, because most outﬂowing gas is not
10 Chan et al. (2015) refer to simulations m10.1, m10.2, m10.6, and m11.2 as
m10h1297, m10h1146, m10h573, and m11h383, respectively. For m10.2, we
study the halo within the zoom-in region that has the largest stellar mass, while
they studied the halo with the largest total mass.
4
The Astrophysical Journal, 820:131 (17pp), 2016 April 1 El-Badry et al.
accelerated past the escape velocity at late times (Muratov
et al. 2015), it rapidly cools and re-accretes into the center of
the galaxy, where the SFR rises again. Figure 1 illustrates this
cycle in m10.6; the SFR falls each time the sSFR approaches
10−9 yr−1. These ﬂuctuations in SFR are semi-periodic, with a
typical spacing of a few 100Myr, which is comparable to the
galaxy’s dynamical time (Table 1).
As Figure 1 shows, m10.6 goes through ∼10 periods of
strongly increased, then decreased, sSFR between z=1 and 0.
Even averaged over 10 and 100Myr, the typical timescales
over which observable Hα and UV emission are enhanced,
these reduced sSFRs brieﬂy fall below the typical threshold of
sSFR<10−11 yr−1, where galaxies are classiﬁed as quiescent.
For the rest of this section, we focus in particular on
evolution within the 400Myr burst episode at z≈0.13, as
shown by the vertical dashed lines in Figure 1. The trends that
we present are typical during such burst episodes for our
galaxies near this mass.
3.2. Kinematics and Morphology of Gas and Stars
We ﬁrst examine the inﬂuence of stellar feedback and bursty
star formation on the kinematics and morphology of cold gas,
and its consequent inﬂuence on the kinematics and morphology
of stars, during the single starburst/quenching episode high-
lighted in Figure 1.
Figure 2 shows the surface density of neutral atomic
hydrogen (top), all stars (middle), and young stars (age
<50Myr) across eight snapshots spaced by ≈60Myr. (Note
the change in spatial scale between the top and middle/bottom
panels.) In the ﬁrst snapshot, the SFR is high and concentrated
within the inner ≈2 kpc. Stellar feedback then creates a nearly
symmetric galactic wind, which drives the gas almost entirely
beyond the stellar distribution: at the extremum of the outﬂow,
the central ≈5 kpc are almost entirely devoid of cold gas.
However, because these winds are launched below the escape
velocity and the cooling time of the gas remains short (Muratov
et al. 2015), the gas soon reaccretes back into the galaxy, and
another round of star formation begins.
This expansion and contraction is not limited to the gas.
While gas is the only species that couples directly to stellar
feedback, this low-mass galaxy is sufﬁciently gas-rich (Table 1)
that the displacement of outﬂowing gas leads to signiﬁcant
ﬂuctuations in the global galactic potential. Thus, the
kinematics of the (effectively) collisionless stars and dark
matter also change as a result of feedback. Figure 2 (middle)
shows the r-band luminosity surface density for all stars.
Critically, the stellar distribution expands and contracts in the
same way and over the same timescale as the gas. This
expansion is present both at the center, where the surface
density drops signiﬁcantly, and in the outskirts, where the stars
expand to even larger radii. The black ellipses show the 2D ﬁt
to Re at each snapshot, highlighting that within just ≈200Myr,
Re increases by more than a factor 2. Similar ﬂuctuations occur
for dark matter (Chan et al. 2015).
Figure 2 (bottom) shows the r-band luminosity surface
density of only stars younger than 50Myr, slightly less than the
time spacing between these snapshots. This highlights the
effect of stellar feedback on star-forming regions. Initally, star
formation occurs primarily just within the inner ≈2 kpc. During
the outﬂow period, the SFR decreases, but it does not terminate
immediately: some young stars are formed in gas that is already
outﬂowing.
Figure 3 quantiﬁes the kinematics of both gas and stars by
showing their average radial velocity ( =v v r
rr
·
∣ ∣ ) as a function of
time over 1 Gyr spanning the same 400Myr period as Figure 2.
In all the following plots, averages are weighted by particle
mass. The top panel shows the sSFR to highlight its correlation
with gas and stellar kinematics. The middle panel shows the
radial velocity of all gas (red) and instantaneously star-forming
gas (blue) within 25 kpc. Finally, the bottom panel shows the
radial velocity of extremely young stars (age <10Myr, blue)
and old stars (age >2 Gyr, red). Overall, the radial velocities of
both gas and stars correlate with the sSFR remarkably closely.
The sSFR reaches its peak at t≈12 Gyr, just after gas has
(re)accreted into the center. Then, just ∼100Myr after peak
sSFR, stellar feedback has driven gas to its maximum outward
velocity of 30–40 km s−1(on average), at which point sSFR
declines most rapidly. As the gas approaches turn-around
(vr=0) and is most rareﬁed, the sSFR reaches its minimum.
Finally, as the gas starts to cool back into the galaxy, the sSFR
starts to increase, and the cycle continues. During this outﬂow
period, less than 2% of all gas is accelerated beyond the escape
velocity (vesc≈160 km s
−1in the center of this galaxy), and
none of the galaxies in our sample experience signiﬁcant mass
loss after z=1 (Muratov et al. 2015).
Figure 3 (middle) shows that even star-forming gas clouds
participate in this inﬂow-outﬂow cycle. That is, some out-
ﬂowing/infalling gas remains in dense (nH>50 cm
−3), cool
(T103 K), self-bound clumps with ongoing star formation.
Figure 3 (bottom) shows that the radial velocity of young stars
closely traces that of star-forming gas. Thus, young stars inherit
the complex inﬂow-outﬂow kinematics of the gas clouds in
which they form. Furthermore, the majority of all stars in our
simulated galaxies with Mstar1010Me form during burst
episodes (Sparre et al. 2015); thus, a majority of stars can
Figure 1. Speciﬁc star formation rate (sSFR) in m10.6 from z=1 to z=0.
Different colored curves show sSFR smoothed over different timescales: 10
(100) Myr approximates the timescale for signiﬁcant Hα (UV) emission.
Horizontal black line shows sSFR =10−11 yr−1, a common threshold used to
deﬁne a galaxy as quiescent. The sSFR ﬂuctuates by several orders of
magnitude over <100 Myr. Major starburst episodes, which blow much of the
cold gas out into the halo and cause the sSFR to temporarily quench (fall below
the quiescence threshold), occur several times after z=1. Vertical dashed lines
at ≈12 Gyr (z≈0.13) enclose a single starburst episode, which we examine in
detail below.
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Figure 2. Evolution of neutral gas (top), all stars (middle), and young stars (bottom) in m10.6 across a single 400 Myr starburst episode (vertical lines in Figure 1).
Panels show snapshots spaced by ≈60 Myr; sSFR in each snapshot is shown by blue points in Figure 3. Note the difference in spatial scale between the top and bottom
two panels. Top: distribution of neutral atomic hydrogen. The SFR is highest in the ﬁrst panel, when the gas is densest. The SFR reaches its lowest value at
t=12.26 Gyr, when nearly all the gas is blown beyond the stellar distribution. Once the gas cools back into the center, the SFR rises quickly again, nearly returning to
its pre-outﬂow value by t=12.44 Gyr. Middle: projected distribution of stellar light (in the r-band). Black ellipses show Re, the radius enclosing 50% of the light. The
stellar distribution expands and contracts the gas, with Re varying by a factor of ≈2.5, across this timescale. Bottom: projected distribution of stellar light for stars
younger than 50 Myr (smaller than the time spacing between panels). Black contours show logarithmically spaced luminosity of all stars (from the middle panel).
Some stars continue to form during the beginning of the outﬂow phase, but almost no stars form after this, when gas is diffuse, ionized, and not self-bound.
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experience non-trivial radial migration within their ﬁrst
∼100Myr.
Figure 3 (bottom) shows a systematic time offset between
the radial velocities of young and old stars. Young stars (almost
by deﬁnition) are strongly coupled to the gas clouds in which
they form. Stars with intermediate ages of a few 100Myr (not
shown) start to separate kinematically from their progenitor gas
clouds. Importantly, old stars still ﬂuctuate kinematically,
though their ﬂuctuations are not as strong as those of young
stars or gas. The delayed response of old stars demonstrates
that they do not respond directly to the kinematics of gas, but
instead, respond to the change in the galactic potential when
feedback drives signiﬁcant gas mass beyond the stellar
component.
It is important to note that although gas and stars move in
and out on average during the burst cycle, some particles on
radial orbits do move inward during outﬂow periods and vice-
versa. At the peak of the outﬂow shown in Figure 3,
approximately 87% of gas and 73% of stars have positive
radial velocities, with (σr,gas, σr,star)≈(39, 26) km s
−1. We
have veriﬁed that the average velocities shown in Figure 3 are
not driven primarily by high-velocity outliers; the mean and
median radial velocities typically agree within a few percent.
All together, we summarize the following two-stage physical
picture for the cause of strong radial migration of stars in low-
mass galaxies, where stellar feedback drives strong outﬂow-
inﬂow cycles of gas:
(1) Outﬂowing/infalling gas clouds can remain star-forming,
producing young stars that inherit the radial kinematics of
their progenitor gas clouds and thus migrate signiﬁcantly
within their ﬁrst ∼100Myr.
(2) Gas outﬂows/inﬂows in low-mass galaxies with high gas
fractions drive strong ﬂuctuations in the galaxies’ overall
potentials, which in turn drive strong kinematic ﬂuctua-
tions in stars of all ages.
These processes are fundamentally different from the
processes thought to cause radial migration in massive disk
galaxies, where stellar orbits are scattered via interactions with
massive non-axisymmetric structures (for example, Wie-
len 1977; Binney & Lacey 1988), or are stirred by spiral
waves and/or bars (for example, Sellwood & Binney 2002;
Minchev et al. 2011). In our low-mass galaxies, the entire
stellar distribution “breathes” (expands and contracts) due to
global processes resulting from stellar feedback and bursty star
formation. This, together with radial kinematics inherited from
outﬂowing/infalling gas, is the primary driver of radial
migration in our simulations. Unlike the well-studied spiral
wave-driven migration processes that are important in cool
disks, the processes driving migration in our simulations also
kinematically heat the stellar population and place some stars
on highly radial orbits.
3.3. Radial Migration of Stars
We next explore how the above complex radial kinematics
drive radial migration of stars over both short and long
timescales.
3.3.1. Measuring Radial Migration
We deﬁne radial migration as any change in the galacto-
centric radius of a star particle since its formation. To measure
radial migration since formation, we identify the ﬁrst simula-
tion snapshot that occurs immediately after the formation time
of each star particle, at which point we record the particle’s
radius with respect to the center of the main galaxy. We then
compute the radial migration as Δr=rcurrent−rform, the
difference between the particle’s current radius in a given
snapshot and its radius in the snapshot immediately following
its formation.
Our typical time spacing between snapshots is ≈50Myr.
This ﬁnite time separation means that the radius that we
measure after formation does not exactly equal the radius at
which the particle formed, so our values are subject to some
extremely short-timescale migration. We tested this by
examining only star particles that formed <10Myr before the
snapshot at which we measure rform. We ﬁnd no systematic
difference in any of our results when examining only these
particles.
To avoid ambiguity from stars that formed in different
(satellite) galaxies that then merged with the main galaxy, we
ignore star particles that formed at r>2 R90mass(z), where
R90mass(z) is the radius enclosing 90% of Mstar of the main
galaxy at a given z. For several of our galaxies, this means that
Figure 3. Short-timescale effects of stellar feedback on the kinematics of gas
and stars across a single starburst episode (vertical lines in Figure 1) in m10.6.
Top: speciﬁc star formation rate (sSFR) averaged over timescales of 10 (cyan)
and 100 (black) Myr. Blue points show time-spacing of the 8 snapshots shown
in Figure 2. Middle: average radial velocity of gas within 25 kpc, for star-
forming (blue; see Section 2.1) and all (red) gas. The radial velocity of gas
closely traces the evolution of the SFR. Bottom: average radial velocity of
stars, both young (age <10 Myr, blue) and old (age >2 Gyr, red). The radial
velocity of stars closely traces that of gas. Young stars, inheriting the
kinematics of star-forming gas, show stronger kinematic ﬂuctuations than old
stars, but even old stars respond to the rapidly varying potential during the gas
outﬂow-inﬂow cycle.
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we exclude ≈50% of the stars that formed before z∼2 because
of the higher merger rates at early times.
Throughout, we present both áD ñr , the average of the net
(vector) radial migration distance across all particles, and
á D ñr∣ ∣ , the average of the absolute radial migration distance.
The former measures systematic inward/outward migration,
while the latter measures the scatter induced by simultaneous
inward and outward migration.
3.3.2. Radial Migration over Short Timescales
Figure 4 compares the time-evolution of the sSFR, the mean
stellar radial migration, and the slope of the central dark-matter
density proﬁle over the same starburst episode shown in
Figure 3. The middle panel shows the average migration
distance for all stars. Like radial velocity, radial migration
distance is closely related to the sSFR: stars migrate outward
when the sSFR falls during periods of net outﬂow and migrate
inward once gas falls back into the galactic center and the sSFR
rises. This has a dramatic effect on the radial distribution of
stars: during the main outﬂow episode, the overall stellar
population migrates coherently ≈2.5kpc outward in less than
300Myr. Note that áD ñr is always positive because we measure
radial migration since formation, and as we will show in
Section 3.3.3, stars experience coherent and lasting outward
migration over long timescales.
The bottom panel shows the time-evolution of the central
slope α of the dark matter density proﬁle (ρDM∝r
α). We deﬁne
α as the power law that best ﬁts ρDM in the r=(1%–2%) R200m
interval; see Chan et al. (2015) for further discussion of α. Here,
α∼0 represents a ﬂat central density proﬁle (a “core”), while
α−1 represents a steep Navarro–Frenk–White-like proﬁle (a
“cusp.”) Because dark matter particles migrate in and out on the
same timescale as stars, α evolves similarly to the mean stellar
migration and sSFR, changing from a cuspy proﬁle at peak sSFR
to a core at peak outﬂow.
3.3.3. Radial Migration over Long Timescales
We next examine stellar radial migration in m10.6 over long
(cosmological) timescales. Figure 5 shows the distribution of
radial migration distances since formation, áD ñr and á D ñr∣ ∣ , as
a function of stellar age. Here we stack results across all
snapshots, measuring each particle’s migration distance in each
snapshot and binning the simulation in stellar age. Thus, young
ages include a combination of stars measured at z∼0 and high
z, while old ages necessarily come from stars measured only
at z∼0.
Figure 4. Changes in the distribution of stars and dark matter in m10.6 across
the same starburst episode shown in Figure 3. Top: speciﬁc star formation rate
(sSFR) averaged over timescales of 10 (cyan) and 100 (black) Myr. Middle:
mean radial migration of stars relative to their formation radius. áD ñr (purple)
shows the net radial migration, while á D ñr∣ ∣ shows the absolute radial distance.
Migration correlates strongly and inversely with sSFR. During this outﬂow
episode, the half-mass–radius increases from 2.5 to >5 kpc within ≈200 Myr.
Bottom: central slope α of the dark matter density proﬁle (ρDM∝r
α). α
correlates with mean stellar migration, since star and dark matter particles feel
the same time-varying gravitational potential.
Figure 5. Distribution of radial migration distances of stars since their
formation as a function of their stellar age in m10.6. Top: Δr, the difference
between a star particle’s radius when it is at a given age and its radius when it
formed. Positive (negative) values correspond to stars that have migrated
outward (inward) since formation. Bottom: same, but for D r∣ ∣, the absolute
radial migration distance. Inset shows stars younger than 1 Gyr, highlighting
short timescales. After 200 Myr, stars move an average absolute radial
distance of 1 kpc. As the top panel shows, the average coherent (net) migration
is weak over this timescale, but over longer timescales (1 Gyr), stars show
strong systematic outward migration via repeated inﬂow-outﬂow episodes that
drive stellar orbits to larger radii. Thus, older stars have experienced
systematically stronger outward radial migration.
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First, examining á D ñr∣ ∣ in Figure 5 (bottom), stars undergo a
signiﬁcant fraction of their absolute migration within
200Myr, consistent with Figure 4. The inset zooms in on
young ages, showing an early peak of ≈1kpc just 200Myr
after formation, the typical duration of outﬂow episodes. After
this initial peak, the absolute migration continues to increase
systematically with stellar age. Most importantly, the oldest
stars, which have undergone the largest number of burst
episodes, have migrated the most.
Second, examining áD ñr (top), young stars (200Myr)
show a strong scatter in their net radial migration distance,
consistent with the bottom panel, but they do not show
systematic net inward/outward migration over such short
times. That is, short-timescale migration is limited to temporary
outward/inward burst cycles. However, over sufﬁciently long
(1Gyr) timescales, stars show systematic and coherent
outward migration that continues to increase with stellar age.
This long-term behavior is caused by the repeated semi-
periodic oscillations of the potential that gradually heat the
orbits of stars over time (for example, Pontzen & Govern-
ato 2012), such that the oldest stars, which have undergone the
most outﬂow episodes, have migrated outward the most.
Indeed, the oldest stars (>8 Gyr) have migrated outward an
average of ∼4kpc, or 2 Re(z=0), from the radius where they
formed.
3.4. Impact of Radial Migration on Populations Gradients
Our simulated galaxies develop signiﬁcant radial population
gradients by z=0, with the youngest, most metal-rich stars
concentrated near the galactic center and the outskirts
dominated by old, metal-poor stars. These gradients are similar
to those observed in low-mass galaxies in the local universe
(for example, Mateo 1998; Kirby et al. 2012; Vargas
et al. 2014). Galactic archeology studies, which attempt to
infer the formation-history of a galaxy base on its properties at
z∼0, commonly assume that one can translate population
gradients observed at z∼0 to radial star formation and/or
chemical enrichment histories. For example, Zhang et al.
(2012) concluded that the star-forming regions of most nearby
low-mass have been shrinking because the observed average
stellar age increases with radius.
This common assumption is valid if the radial distribution of
stars at z=0 accurately reﬂects the distribution of stars at the
time of their formation. However, dynamical heating can can
mix different stellar populations and thus alter radial population
gradients, and radial migration can preferentially affect old
stars (Brooks & Teyssier 2015; Gonzalez-Samaniego et al.
2015; Governato et al. 2015). The signiﬁcant radial migration
which we present above suggests that, in low-mass galaxies,
SFHs that are calculated from population gradients at z=0
may be contaminated signiﬁcantly by migration. We now
investigate this possibility in m10.6.
Figure 6 shows the SFH of m10.6 as a joint function of both
lookback time and radius. In both versions, the right projection
shows SFR versus time, while the left projection shows the
azimuthally integrated SFR (density) versus radius.
The left panel shows the SFH if we use the radial distribution
of stellar ages at z=0 to infer the SFH, as observational
studies do. The radial SFH calculated at z=0 appears to show
that early star formation occurred at all radii and in fact was
distributed almost uniformly with radius out to 9 kpc; by
contrast, the youngest stars appear to have formed within the
central regions. At face value, this appears to support an
“outside-in” quenching scenario (for example, Hidalgo
et al. 2003; Zhang et al. 2012), wherein star formation
becomes increasingly centrally concentrated as a galaxy
evolves.
However, the right panel of Figure 6 shows the true
underlying SFH, which we measure by tracing the stars back to
the radii at which they formed. Thus, this SFH removes any
effects of post-formation migration. In reality, star formation
has been concentrated in the core since early times: the oldest
stars preferentially formed at smaller radii, while the youngest
stars formed at systematically larger radii. Thus, the signiﬁcant
effects of radial migration, over both short and long timescales,
qualitatively have changed the inferred radial SFH in m10.6.
This represents a critical systematic in any galactic-archeaology
approaches.
Figure 7 demonstrates these effects more quantitatively. The
black curves show stars measured at their radii at z=0, while
the red curves show stars measured at their formation radii. The
top panel shows the cumulative stellar mass proﬁle: the black
curve shows the mass proﬁle at z=0, while the red curve
shows the mass proﬁle if stars stayed at their formation radii.
Even though all stars form in a centrally concentrated manner,
with 90% having formed within 3.5 kpc, the long-term effects
of stellar feedback have led to signiﬁcant outward migration,
with R90mass(z=0)>8 kpc.
The middle panel shows the average age of the stellar
population as a function of both radius measurements. The red
curve highlights that the oldest stars formed only at small radii,
while the youngest stars formed across a broad range of radii.
Thus, the intrinsic age proﬁle is systematically older in the core
and younger at larger radii. However, as Figure 5 shows,
because the oldest stars experienced more starburst cycles, they
suffer from stronger outward migration, which has driven them
to larger radii. By contrast, the younger stars experienced
weaker outward migration, so their current radius more
accurately reﬂects their formation radius. Thus, age-dependent
radial migration has inverted the true age gradient.
The bottom panel shows similar behavior for the metallicity
gradient. For each star particle, we measure the total metallicity
(by mass fraction) and scale this to the solar value assuming
Ze=0.02. The oldest stars, which were the most metal-poor,
formed at small radii but experienced more outward radial
migration, while the younger more metal-rich stars formed at
larger radii, on average, but experienced less outward
migration. Again, radial migration has inverted the true
metallicity gradient.
Thus, we conclude that stellar radial migration, induced by
feedback-driven outﬂows, not only can dilute intrinsic popula-
tion radial gradients, but also can invert them entirely.
4. DEPENDENCE ON GALAXY MASS
Having explored stellar kinematics, radial migration, and
population gradients in detail for a single galaxy, m10.6, we now
explore these trends for all 8 galaxies in our sample, which span
Mstar(z=0)=10
6.3−10.7Me (or halo M200m=10
10−12Me).
Figure 8 shows the late-time evolution (over the last
∼5 Gyrsince z∼0.45) of three galaxies that span the range
of masses in our sample. This shows, as a function of time, the
same quantities that we explored above: sSFR (top row),
average radial velocity of stars (second row), average radial
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migration distance of stars (third row), and stellar half-light
radius, Re, as well as 90%Mstar radius, R90mass (bottom row).
The sSFRs of the low-mass m10 and m11 are highly bursty
and stochastic, with ﬂuctuations similar to m10.6. By contrast,
m12i shows much smoother sSFR because (1) it has a much
deeper and more stable potential, and (2) being a more massive
galaxy, its sSFR is averaged over many more star-forming
regions. See Sparre et al. (2015) for the dependence of star
formation burstiness on mass in our simulations.
The evolution of stellar radial velocity, radial migration, and
size evolution in m11 are all similar to m10.6, with radial
velocity ﬂuctuations of ±10 km s−1, typical radial migration
since formation of ≈5 kpc that ﬂuctuates by ≈2 kpc over a few
100Myr, and Re that ﬂuctuates by a factor of 2 over a similar
timescale.
In m12i, stellar feedback does drive gas out of the disk, but
the galaxy’s potential well is deeper, with a much smaller
contribution from gas in the central regions. Thus, coherent
ﬂuctuations in the average radial velocity of stars are limited to
a few km s−1. Similarly, the amount of radial migration is much
less, though it is non-zero at 1−2kpc on average. As is clear
from the lack of late-time ﬂuctuations, most of this migration
was seeded at higher redshifts or is the result of scattering
processes that affect a smaller fraction of the stars.
Finally, while the sSFR in m10 also is highly bursty, the
galaxy’s stellar kinematics are relatively stable, with less radial
migration. While Re evolves signiﬁcantly because of changes in
the distribution of young stars, which contribute most of the
light, R90mass remains nearly constant, showing no late-time
ﬂuctuations in the distribution of stars. This is because, despite
also having shallow potential wells and high gas fractions,
galaxies at this mass form too few stars, in part from signiﬁcant
baryonic mass loss early in their evolution from cosmic
reionization and stellar feedback (Munshi et al. 2013; Chris-
tensen et al. 2015; Muratov et al. 2015). Thus, such galaxies
experience insufﬁcient stellar feedback to drive signiﬁcant gas
mass into the halo and signiﬁcantly change the galactic
potential. Bursty star formation alone does not necessarily
imply strong stellar kinematic ﬂuctuations and radial migration
in galaxies of all masses.
Overall, stellar migration and size evolution are most extreme
in galaxies with Mstar∼109Me (halo M200m∼1011Me). This
is the same mass scale where feedback most efﬁciently produces
dark matter cores via the same mechanism (for example, Pontzen
& Governato 2012; Chan et al. 2015; Read et al. 2015; Tollet
et al. 2015).
4.1. Dependence of Radial Migration on Mass
We next quantify the amount of stellar radial migration
across our mass range, using the procedure described in
Section 3.3.1. Again, we compute both áD ñr , the average net
radial migration, and á D ñr∣ ∣ , the average absolute radial
migration.
Figure 9 shows the average radial migration as a function of
Mstar(z=0). Points show the average migration for each
galaxy averaged over the 40 snapshots between z∼0.2 and 0,
and error bars show the standard deviation across these
snapshots, highlighting the scatter from short-time variability.
The top panel shows migration in physical units, while the
bottom panel show the relative amount of migration as scaled
to each galaxy’s 90%Mstar radius, R90mass.
First, the net radial migration, áD ñr (black points), in either
physical units or scaled to R90mass, is largest in galaxies with
Mstar≈10
7−9.6Me. This conﬁrms the mass scaling apparent in
Figure 8: galaxies with signiﬁcantly higher or lower mass than
this have more stable kinematics (little variability) and little
systematic outward migration. Note, however, that a larger
sample of simulated galaxies is needed to determine precisely
the mass at which migration becomes unimportant.
Importantly, the galaxies at Mstar∼109Me with the
strongest net radial migration also show the strongest short-
time variability (scatter). This is because such short-time
Figure 6. Star formation history (SFH) of m10.6 as a joint function of both time and galactocentric radius. In both versions, the right projection shows the normalized
star formation rate (SFR) vs. time, while the left projection shows the integral of SFR (mass density) vs. radius. Left: SFH as calculated from the radial distribution of
stars at z=0: we bin star particles by their radii at z=0 and compute the SFH in each radius bin, similar to observational approaches for nearby galaxies. Right:
intrinsic SFH of stars at formation: we bin star particles by their radii at formation (rather than at z = 0) and show the true radial SFH, without the post-formation
effects of radial migration. The differences between these panels, especially for the oldest stars, demonstrate that radial migration can signiﬁcantly bias the inferred
radial SFHs of low-mass galaxies, a critical systematic for galactic-archaeology studies.
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variability is required to drive coherent long-term migration:
the net migration at late times reﬂects the permanent dynamical
heating of stellar orbits caused by many outﬂow/inﬂow
episodes that slowly transfer energy to collisionless particles
over many Gyr. This is the same phenomenon that is expected
to drive dark-matter coring, as we discuss in Section 5.1.
Although m12i has undergone little net migration (black
points), it does show non-trivial absolute radial migration (red
points) of ≈2 kpc on average at z=0. That is, many stars in
m12i have migrated away from their formation radius, but
approximately equal numbers of stars have migrated inward
and outward. Qualitatively, this agrees with previous studies of
radial migration in massive disk galaxies, which found that
signiﬁcant radial migration occurs as stars scatter off of
massive non-axisymmetric structures such as spiral arms and
bars. For example, in a simulation of a disk galaxy with mass
similar to m12i, Roškar et al. (2008b) found that over the
course of 10 Gyr, stars migrated an rms distance of 2.4 kpc,
with no preference for inward or outward migration.
4.2. Dependence of Population Gradients on Mass
We next examine how the above mass dependence of radial
migration affects radial gradients in stellar populations. For
each galaxy, we measure the average property (age, total
metallicity) of the stellar population at R90mass and at the
galactic center, and we compute the difference across the
galaxy such that, for property P, ΔP=P(r=R90mass)−P
(r=0). We compute this both using stellar radii at z=0 and
using each star particle’s radius when it formed (also
recomputing R90mass based on formation radii).
Figure 10 shows the gradients in stellar age (top) and total
metallicity (bottom). Considering ﬁrst age, we ﬁnd strong
positive age gradients at z=0 in lower-mass galaxies, with
younger stars nearer the galactic center, in qualitative
agreement with observations (Schroyen et al. 2013, and
references therein). However, at all masses, outward migration
since formation has driven these gradients to be more positive
(less negative). This effect is weakest in m10 and m12i, which
undergo the least net outward migration. m10 is the only
galaxy in our sample whose positive age gradient at z=0 is
not primarily driven by migration. In this galaxy, star formation
becomes increasingly centrally concentrated over time; the few
star particles which do form at large radius form before z=2.
The most dramatic effect occurs in galaxies with Mstar≈10
7
−9.6Me. Most of these formed with intrinsically negative age
gradients (inside-out growth), but subsequent radial migration
has inverted this underlying trend to appear to be positive
(appearance of outside-in growth) at z=0.
Figure 10 shows similar trends for metallicity gradients. All
of our galaxies have negative metallicity gradients at z=0,
with more metal-rich stars near the core. For m12i and m10,
these gradients are close to the underlying gradients at
formation, with modest changes due to subsequent radial
migration. However, most of our galaxies with Mstar≈10
7
−9.6Me formed with intrinsically positive (though nearly ﬂat)
gradients, such that more metal-rich stars formed at slightly
larger radii; migration inverted the true population gradient.
There is signiﬁcant variation in the extent to which radial
migration alters galaxies z=0 population gradients, since this
depends both on the total amount of migration and on the radial
star formation history. Galaxies with extended radial star
formation at early times (for example, m11) have positive
intrinsic age gradients, which are altered less by migration.
In summary, radial migration can signiﬁcantly and system-
atically bias and even invert intrinsic stellar population
gradients within galaxies in the critical range of Mstar≈10
7
−9.6Me. This means that intrinsic population gradients
observed at z=0 do not necessarily reﬂect the true gradients
at formation, thus raising signiﬁcant concerns for galactic-
archaeology studies that aim to infer radial SFHs from stellar
populations at z=0.
4.3. Rapid Size Evolution
Finally, we examine size evolution. We have shown that
galaxies with Mstar≈10
7−9.6Me undergo rapid ﬂuctuations
that drive signiﬁcant stellar migration on timescales of a few
100Myr, which in turn leads to rapid ﬂuctuations of the stellar
Figure 7. Radial distribution of stellar properties in m10.6. Black curves show
stars measured at their radius at z=0, while red curves show stars measured at
their formation radius. Top: cumulative stellar mass within the given radius. The
black curve shows the mass proﬁle at z=0, while the red curve shows the mass
proﬁle if stars stayed at their formation radius. While ∼90% of all stars formed
within ∼3.5 kpc, R90mass(z=0)>8 kpc, as caused by signiﬁcant outward
migration. Middle: mean stellar age as a function of radius at z=0 (black) and at
formation (red). Age-dependent radial migration has inverted the true age
gradient: while the age gradient measured at z=0 naively implies that younger
stars formed preferentially at smaller radii, in reality, the oldest stars formed
preferentially at small radii but experienced stronger outward migration. (See
also Figure 6.) Bottom: mean total metallicity as a function of radius at z=0
(black) and at formation (red). As with the age gradient, the stronger outward
migration of older stars has inverted the metallicity gradient. In reality, older
metal-poor stars formed only at small radii but then migrated outward, while
younger metal-rich stars formed at all radii and experienced less migration.
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effective radii by factors of 2−3. We now compare this rapid
size evolution to the observed sizes of galaxies at ﬁxed Mstar.
This comparison serves two purposes. First, comparing
against observations tests whether our simulations produce
realistic galaxy sizes, and in particular, whether the dramatic
size evolution overestimates the observed scatter in galaxy
sizes. Second, the comparison can shed light onto the physical
origin of the observed scatter in galaxy sizes at ﬁxed mass.
Figure 11 shows the SDSS r-band half-light radius, Re, as a
function of Mstar for galaxies at z∼0. We compare the radii
measured in our simulations to the effective radii of galaxies
observed in the SDSS, as measured in the NASA-Sloan Atlas
(NSA; Blanton et al. 2011). We compare only to galaxies in
isolated environments, using the isolated sample described in
Bradford et al. (2015). For reference, in the lowest Mstar bin in
Figure 11, the NSA contains 20 isolated galaxies; all the bins
above 108Me contain at least 100 isolated galaxies. We do not
compare against m10 because of the small number of galaxies
at Mstar<10
7Me in the NSA.
The different colored/shaped points show each simulated
galaxy sampled across the 40 snapshots from z=0.2 to 0,
highlighting the signiﬁcant ﬂuctuations in Re by a factor of 2−3
within just a few 100Myr. In comparing with observations, we
emphasize the importance of computing the half-light radius,
whose ﬂuctuations are stronger than the half-Mstar radius (not
shown). This is because younger stellar populations are
brighter and thus disproportionately affect Re, and as we
showed in Section 3.2, the kinematic ﬂuctuations and radial
migration of young stars are stronger than those of older
(fainter) stellar populations.
Figure 11 highlights several key results in comparing our
simulations with observations. First, the time-averaged Re of all
of these galaxies are consistent with the average Re of observed
galaxies at the same Mstar. Thus, even for these highly bursty
galaxies, our simulations produce correct sizes. Second, the
signiﬁcant short-timescale ﬂuctuations in Re for our simulated
galaxies remain within the observed scatter. Thus, as dramatic
as their size variations are, our simulations do not overpredict
the amount of scatter in Re. Finally, and most interestingly, the
short-timescale (within just a few 100 Myr) variation in Re that
galaxies with Mstar≈10
7−9.6Me experience is sufﬁcient to
account for a large fraction of the observed scatter in Re at ﬁxed
Mstar. This implies that, at least for isolated galaxies at this
critical range of Mstar≈10
7−9.6Me, the observed scatter in
radius at ﬁxed Mstar does not simply reﬂect systematic
differences in long-term evolutionary histories, but it also
reﬂects the size ﬂuctuations that individual galaxies undergo
within just a few 100 Myr.
In the critical mass range, the scatter in the radii of observed
galaxies is consistent with being driven primarily by short-
timescale ﬂuctuations. These are smaller in m12i, suggesting
that the observed scatter at higher masses may be driven
primarily by a diversity of long-term evolutionary histories.
Given our limited sample, we are unable to determine robustly
whether more varied long-term evolutionary histories con-
tribute signiﬁcant scatter at lower masses.
Figure 8. Late-time evolution since z≈0.45 of galaxies in three mass regimes, as labeled. Row 1: speciﬁc star formation rate (sSFR) averaged over 100 Myr. Row 2:
average radial velocity of all stars. Row 3: average of the net (purple) and absolute (red) radial migration distance of stars since their formation, scaled to R90mass. Row
4: effective radius, Re, which encloses 50% of the stellar light, and R90mass, which encloses 90% of Mstar, both scaled to their values at z=0. Star formation is burstier
in lower-mass galaxies. However, the effect on stellar kinematics is strongest at Mstar∼109 Me. Signiﬁcantly lower-mass galaxies, such as m10, have more stable
kinematics because their overall star formation efﬁciency, and thus total feedback, is much lower. This, combined with their lower total baryon fractions, leads to
weaker potential ﬂuctuations. However, Re still ﬂuctuates signiﬁcantly due to changes in the distribution of the youngest stars, which contribute most of the light. More
massive galaxies, such as m12i, also show weaker kinematic ﬂuctuations; their deeper potential wells and lower gas fractions stabilize the potential and inhibit any
signiﬁcant systematic (outward) migration. However, non-trivial absolute (combination of both inward and outward) radial migration still occurs.
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5. COMPARISONS WITH PREVIOUS WORK
5.1. Relation to Dark Matter Core-creation
The transfer of energy from gas outﬂows/inﬂows to
collisionless particles is well-studied in the context of the
“core-cusp” (Moore 1994; Oh et al. 2015) and related “too-big-
to-fail” (Boylan-Kolchin et al. 2011; Jiang & van den
Bosch 2015) problems, which express the discrepancy between
the steep central density proﬁles (“cusps”) predicted by ΛCDM
models and and the ﬂatter density proﬁles (“cores”) observed in
many nearby low-mass galaxies. Recently, a number of studies
(for example, Read & Gilmore 2005; Governato et al. 2012;
Pontzen & Governato 2012; Di Cintio et al. 2014; Chan et al.
2015; Oñorbe et al. 2015) have shown that including stellar
feedback in simulations can signiﬁcantly alter dwarf galaxies’
density proﬁles, removing dark matter from the central regions
and potentially reconciling the predictions of ΛCDM models
with observations, at least for galaxies with Mstar=10
7−9.6Me
(Mhalo≈10
10−11.5Me).
We ﬁnd similar dynamics for the stellar population, which is
not surprising given that both stars and dark matter behave as
Figure 9. Average radial migration of stars since their formation for all
galaxies in our sample. The top panel shows migration in physical kpc, while
bottom shows migration scaled by each galaxy’s 90% Mstar radius, R90mass, at
z=0. Black and red points show the averages of the net and absolute radial
distance, respectively, with a small horizontal offset for clarity. For each
galaxy, the point shows the average across the 40 snapshots from z=0.2 to 0,
and error bars show the standard deviation across these snapshots, highlighting
short-timescale variability. Our highest- and lowest-mass galaxies have little
short-time variability (error bars are smaller than points), because their stellar
distributions do not change on short timescales. The most signiﬁcant net
outward radial migration occurs in galaxies with Mstar≈10
7−9.6Me. Our
highest- and lowest-mass galaxies show weaker systematic outward migration
but do show non-trival absolute radial migration (combination of inward and
outward migration), especially as scaled to R90mass. This signiﬁcant absolute
migration of our lowest-mass galaxy is likely the combined result of scattering
and stars on radial but stable orbits, since the stellar distributions of these
galaxies does not change on short timescales at late times.
Figure 10. Radial gradients in stellar populations for all galaxies in our sample,
for average stellar age (top) and total metallicity (bottom). Black points show
the difference between the average age/metallicity of stars at R90mass and at the
galactic center, such that ΔP=P(r=R90mass)−P(r=0), with radii
measured at z=0. Red points show the same but using stars’ radius at
formation, that is, if stars did not migrate from where they formed. For our
lowest- and highest-mass galaxies, where radial migration is weakest, the age
gradients remain positive and negative, respectively, such that the gradients at
z=0 largely reﬂect the true underlying gradients at formation. However, at
intermediate masses, the signiﬁcant outward migration typically inverts the
intrinsically negative age gradients at formation, such that they appear positive
at z=0. Metallicity gradients show similar trends: while all galaxies have
negative metallicity gradients (more metal-poor stars at larger radii) at z=0,
this reﬂects an inversion of the underlying gradient at formation for most
galaxies with Mstar≈10
7−9.6 Me.
Figure 11. Half-light radius, Re, vs. stellar mass, Mstar. The black curve and the
shaded regions show the median, 1σ, and 2σ scatter for observed isolated
galaxies, which we obtain from the NASA-Sloan Atlas (NSA). Different
colored points show 7 of our simulated galaxies (m10.1, m10.2, m10.6, m11,
m11v, m11.2 and m12i), sampled across the 40 snapshots from z=0.2 to 0
(across ≈2.5 Gyr). The time-averaged sizes of all of our galaxies agree well
with observations. In the critical mass range Mstar≈10
7−9.6Me, feedback-
driven outﬂows cause the radius of an individual galaxy to ﬂuctuate by more
than a factor of 2 over just a few 100 Myr. Thus, the short-timescale evolution
of individual galaxies can account for much of the observed scatter in radius at
ﬁxed Mstar.
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(effectively) collisionless ﬂuids, so that a time-varying
gravitational potential will transfer energy to both species,
regardless of particle mass (Lynden-Bell 1967; Henriksen &
Widrow 1997; Levin et al. 2008). Across a wide range of
galaxy Mstar, the scale lengths of observed and simulated stellar
density proﬁles are approximately equal to the characteristic
sizes of galaxies’ dark matter cores (Gentile et al. 2009;
Governato et al. 2010; Brooks et al. 2011). This relation also
holds true in our simulations: the effective radii Re of all of our
galaxies with Mstar<10
10Me are equal to the galaxies’ core
radii rcore to within a factor of <2 (see Chan et al. 2015). Thus,
if stellar feedback creates dark-matter cores in low-mass
galaxies, it also should signiﬁcantly change the kinematics
and spatial distribution of stars. This connection can be seen
clearly in Figure 4: the time-evolution of the mean stellar
migration is very similar to that of α, the central slope of the
dark matter density proﬁle.
The mass-scaling of radial migration shown in Figure 9
supports this picture, though larger simulated samples are
needed to delineate the mass dependence in detail. Both the
time-averaged migration and the corresponding scatter are most
signiﬁcant at Mstar≈10
7−9.6Me (halo M200m∼1010–11.5Me),
with the effect weaker at both higher and lower masses. This
scaling is similar to that of dark matter core sizes found by
Chan et al. (2015), who studied the same simulated galaxies,
and both Di Cintio et al. (2014) and Tollet et al. (2015), who
studied larger samples of simulated galaxies in the same mass
range.
Galaxies with Mstar≈10
7−9.6Me have the optimal balance
between shallow gravitational potentials, high gas fractions,
sufﬁciently high star formation efﬁciency, and bursty SFRs to
allow for signiﬁcant transfer of energy between gas and
collisionless particles. Although higher-mass galaxies have
more efﬁcient star formation, their deep gravitational potentials
retain most of their gas during periods of high star formation
(Christensen et al. 2015; Muratov et al. 2015; Tollet
et al. 2015), so they have fewer coherent outﬂows and more
stable SFRs at late cosmic times. Conversely, while galaxies
with Mstar107Me have bursty SFRs, they have low star
formation efﬁciency as a result of gas expulsion via cosmic
reionization and stellar feedback, so they do not form enough
stars to generate the feedback energy needed to signiﬁcantly
change their gravitational potentials at late times. Consistent
with this explanation, Chan et al. (2015) showed that the total
energy injected by supernovae alone is sufﬁcient to create dark-
matter cores in galaxies with Mstar109Me, while at
signiﬁcantly lower masses, only small cores can be created
even if 100% of feedback energy is transferred to dark matter.
Radial migrations of both stars and dark matter are driven by
different dynamics on short and long timescales. On short
timescales, migration is semi-periodic and nearly reversible:
though stars migrate outward during outﬂow periods, they
migrate back toward the galactic center as gas cools and the
potential contracts (see Figures 3 and 4). Pontzen & Governato
(2012) showed that such expansion is exactly reversible in the
adiabatic limit, when changes in the potential occur on
timescales which are long compared to the dynamical time.
On the other hand, when outﬂows change the potential rapidly
relative to the dynamical time, energy can be added
permanently to the orbits of collisionless particles, be they
dark matter or stars. Several studies (for example, Pontzen &
Governato 2012; Ogiya & Mori 2014; Chan et al. 2015;
Oñorbe et al. 2015; Tollet et al. 2015) found that, while
individual outﬂow episodes temporarily can move dark matter
outward on short timescales, many repeated, semi-periodic
oscillations are required to excavate lasting cores. Radial
migration is strongest for the oldest stars, which have
undergone the largest number of inﬂow-outﬂow cycles; this
generates positive population gradients rather than simply
mixing stars of all ages.
We do, however, note one key difference between the
kinematics of stars and dark matter: the migration of young
stars can be even stronger on short timescales, because
outﬂowing/inﬂowing gas can remain star-forming, producing
young stars that directly inherit the strong kinematic ﬂuctua-
tions of the feedback-driven gas.
Overall, the similarities between the physical drivers of core
creation and stellar migration imply that stellar kinematics and
morphologies should provide strong observational tests for
baryonic solutions to the “core-cusp” and “too-big-to-fail”
problems, as we will discuss in Section 6.2.
5.2. Comparison with Theoretical Work
Bursty SFHs in low-mass galaxies are characteristic of our
FIRE simulations and other simulations that use explicit
treatments of stellar feedback at high resolution with a high
density threshold for star formation, nSF10 cm−3 (for
example, Kawata et al. 2014; Madau et al. 2014; Shen et al.
2014; Hayward & Hopkins 2015; Hu et al. 2015; Sparre
et al. 2015). Schroyen et al. (2013) investigated the relation
between nSF and the SFHs of low-mass galaxies in idealized
simulations including supernova feedback, ﬁnding that a high
density threshold results in clumpier gas and more clustered
star formation as well as increased scattering of stars off gas
clumps, leading to moderate stellar migration. Our signiﬁcant
radial migration is consistent with this interpretation, though
we ﬁnd that migration in our simulations is primarily the result
of global ﬂuctuations in the potential rather than isolated
scattering events.
Using an idealized simulation of a dwarf galaxy, Teyssier
et al. (2013) found that strong supernova feedback leads to the
creation of a dark matter core, and this also creates a thick
stellar disk that is kinematically hot (vstar/σstar∼1), with
morphology and kinematics similar to the observed galaxy
WLM. Similarly, Wheeler et al. (2015) recently found that
isolated dwarf galaxies in the FIRE simulations form as puffy
stellar systems that are largely dispersion-supported. They also
showed that ∼70% of the observed isolated star-forming dwarf
galaxies in the Local Group have dispersion-supported (not
rotation-supported) stellar populations.
Thus, the stellar kinematics of low-mass galaxies in FIRE
simulations largely agree with observations in the Local Group.
A larger sample of simulations is needed to determine whether
the FIRE simulations can also reproduce small fractions of
observed rotation-supported low-mass galaxies. It is possible
that the FIRE simulations somewhat overpredict the burstiness
of star formation at late times, as Sparre et al. (2015) found that
the fraction of temporarily quenched isolated galaxies at
Mstar<10
9Me in the FIRE simulations is higher (roughly
30%) than the nearly 0% observed in nearby isolated galaxies
(Geha et al. 2012; Karachentsev et al. 2013).
Radial migration in low-mass galaxies also has been
studied in the context of the formation of stellar halos.
Maxwell et al. (2012) studied a simulated galaxies with
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Mstar(z=0) ∼5×107Me and found that, between z=8 and
z=5, highly localized and episodic stellar feedback drove
rapid gas ﬂows that in turn drove stellar kinematics in the
central ∼100 pc. This caused stars that formed in the central
regions to migrate outward signiﬁcantly. However, they found
that migration became signiﬁcantly less efﬁcient by z=5 and
predicted that it would become negligible at late times.
Similarly, Stinson et al. (2009) found signiﬁcant radial
migration in the oldest stellar populations of simulated galaxies
with Mstar (z=0)=10
6−8Me, suggesting that radial migra-
tion, rather than accretion events, might be responsible for the
creation of the stellar halo. Consistent with this result, Figure 5
showed that the oldest stars (>8 Gyr) in m10.6 have migrated
outward at an average of ∼4 kpc, or 2 Re (z=0), from the
radius where they formed; many of these stars likely would be
classiﬁed as part of the stellar halo.
Finally, Benítez-Llambay et al. (2015) recently studied the
origin of observed population gradients in simulated dwarf
galaxies using the CLUES cosmological zoom-in simulation of
a Local Group analog. They found that the observed positive
gradients of stellar age with radius in dwarf galaxies can be
generated via major mergers, which heat old stellar populations
and trigger new bursts of centrally concentrated star formation.
Our results are consistent with this possibility; however, the
low-mass galaxies that we study have relatively calm merger
histories, and despite this, almost all of them form positive age
gradients. Thus, our results imply that positive gradients in
stellar age can form even in the absence of late-time mergers,
via stellar feedback and bursty star formation.
5.3. Comparison with Observations
Low-mass galaxies in the local universe exhibit signiﬁcant
scatter in their SFRs, consistent with high variability on short
timescales, and many show evidence for multiple episodes of
star formation separated by periods of quiescence ranging from
a few 10ʼs of Myr to several Gyr (for example, Dolphin
et al. 2003; Rizzi et al. 2004; Skillman 2005; Lianou &
Cole 2013; de Boer et al. 2014; Weisz et al. 2014; Geha et al.
2015; VandenBerg et al. 2015). Most of these star-forming
galaxies are relatively isolated at z=0, indicating that
starbursts are triggered not just by interactions. Lee et al.
(2009) found that -+6 24 percent of L 0.1Lå galaxies in the
local volume are currently undergoing a starburst. Weisz et al.
(2012) used Hα-to-UV ﬂux ratios to constrain bursty star
formation in 185 galaxies, ﬁnding that low-mass galaxies are
best described by SFHs with burst amplitudes of ∼30 and
interburst spacings of ∼150–200Myr. Sparre et al. (2015)
compared galaxies from the FIRE simulations to observations
using the same Hα-to-UV ratios and found that burst spacings
and amplitudes from the simulations were broadly consistent
with observationally inferred values, though the FIRE simula-
tions may somewhat overpredict burst amplitudes at lower
masses.
Almost all low-mass galaxies in the local universe have
negative metallicity gradients. Several studies (for example,
Mehlert et al. 2003; Spolaor et al. 2009; Kirby et al. 2011;
Schroyen et al. 2013; Vargas et al. 2014; Pilyugin et al. 2015)
ﬁnd an average metallicity gradient of Δ[Fe/H]∼−0.4 dex
between the galactic center and the effective radius, but with
signiﬁcant (∼0.3 dex) scatter even for galaxies with similar
morphologies and SFHs. These negative metallicity gradients
are broadly consistent with our results (see X. Ma et al. 2016,
in preparation, for more details). Figure 10 shows that in our
simulations, radial migration plays a critical role in establishing
these gradients: without migration, the age and metallicity
gradients of galaxies with Mstar≈10
7–9.6Me would be
nearly 0.
6. SUMMARY AND DISCUSSION
6.1. Summary
Using the FIRE suite of cosmological zoom-in hydrody-
namic simulations of isolated low-mass galaxies across
Mstar(z=0)=2×10
6−5×1010Me, we have explored
the effects of stellar feedback and bursty star formation on
stellar kinematics, radial migration, size evolution, and
population gradients at late cosmic times, where such low-
mass galaxies are observable. In galaxies with Mstar≈10
7
−9.6Me, stellar feedback frequently drives outﬂows of
signiﬁcant gas mass well beyond the stellar radius; these cool
and fall back into the galaxy center on timescales of a few
100Myr. These outﬂow/infall cycles occur semi-periodically
many times throughout these galaxies’ evolutionary histories
and drive strong ﬂuctuations in the galactic potential, leading to
dramatic effects on the stellar population. We summarize our
main results as follows.
1. Physical origin of stellar migration: Stars in low-mass
galaxies experience signiﬁcant radial migration via two
related processes. First, outﬂowing/inﬂowing gas clouds
can remain star-forming, producing young stars that
inherit the outﬂowing/infalling kinematics of gas.
Second, gas outﬂows/inﬂows drive strong ﬂuctuations
in the overall galactic potential, and in response, the
orbits of stars of all ages expand and contract over short
timescales and gradually are heated over long timescales.
These physical processes are fundamentally different
from the scattering processes known to cause radial
migration in massive disk galaxies.
2. Timescales of stellar migration: Stellar radial migration
occurs over both short (a few 100 Myr) and long (a few
Gyr) timescales. Short-timescale ﬂuctuations in the
potential result in rapid changes in kinematics and radial
migration for all stars within a few 100Myr, comparable
to the galaxy’s dynamical time. Young stars experience
the strongest short-timescale migration, typically 1 kpc
within their ﬁrst 200Myr, because they are most tightly
coupled to gas kinematics, but even old stars migrate
signiﬁcantly on short timescales. Short-timescale migra-
tion, however, is nearly reversible. On the other hand, the
cumulative effects of many repeated semi-periodic
ﬂuctuations gradually heat stellar orbits, driving perma-
nent and coherent outward migration of stars over Gyr
timescales. Thus, the amount of stellar migration depends
on stellar age: the oldest stars, having experienced the
most outﬂow/inﬂow cycles, exhibit the strongest sys-
tematic outward migration since formation.
3. Impact on radial gradients of stellar populations: Stellar
migration can systematically change radial gradients of
stellar age and metallicity because the amount of outward
migration depends on stellar age. For almost all of our
galaxies at Mstar≈10
7−9.6Me, stellar migration inverts
true underlying age gradients from negative to positive,
or metallicity gradients from positive to negative, by
z=0. This means that population gradients observed at
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z=0 do not necessarily reﬂect the intrinsic gradients at
formation, and that radial SFHs inferred from present-day
populations gradients, as common in galactic-archaeol-
ogy studies, may be signiﬁcantly biased.
4. Fluctuations of galaxy sizes: Our simulations produce
consistent half-light radii (Re) of galaxies as compared
with observations. Short-term stellar migration leads to
ﬂuctuations in effective radius by factors of 2−3 within
just a few 100Myr. These ﬂuctuations are comparable to
the observed scatter in Re at ﬁxed Mstar, which suggests
that the observed scatter does not just reﬂect systematic
differences in long-term evolutionary histories, but it also
reﬂects the size ﬂuctuations that individual galaxies
undergo within just a few 100Myr.
5. Dependence on galaxy mass: All of these effects are
strongest in galaxies with Mstar(z=0)≈10
7−9.6Me
(halo Mhalo ∼ 1010–11.5Me). This is the same mass range
where stellar feedback has been shown to most efﬁciently
produce dark matter cores. Since migration and coring are
driven by the same physical processes, galaxies with
signiﬁcant feedback-driven cores also should have
experienced signiﬁcant stellar migration. Although
galaxies with lower mass also experience similarly bursty
SFHs, their higher dark-matter fractions and lower overall
SFRs (in particular, low SFR/Mhalo) lead to weaker
ﬂuctuations in the galactic potential, with weak effects on
stellar kinematics and radial migration. More massive
galaxies have deeper potential wells and lower gas
fractions within Re, so they do not experience strong
coherent ﬂuctuations in stellar kinematics.
6. Stellar kinematics provide a strong test to constrain
feedback models: Our stellar feedback models predict
strong effects on stellar kinematics and sizes of low-mass
galaxies. If stellar feedback drives dark-matter coring,
galaxies with large cores also should have experienced
signiﬁcant stellar migration. Detailed studies of nearby
dwarf galaxies, with resolved spectroscopy and/or proper
motions of individual stars, therefore can provide strong
tests of our model predictions, as we outline below.
6.2. Discussion: Implications for Observational Tests
of Stellar Feedback
We have shown that stellar feedback can cause dramatic
changes in the radial kinematics and distribution of stars in
isolated galaxies with Mstar≈10
7–9.6Me. These effects are
analogous to feedback-driven coring of such galaxies’ dark-
matter proﬁles, as explored in previous works. Because the
distribution and kinematics of stars (and gas) are more directly
observable than (inferred) dark-matter mass proﬁles, our results
imply that detailed observations of resolved stellar populations
and kinematics, which are obtainable for nearby galaxies, can
provide strong tests of stellar feedback models. We outline a
few possible observational tests, which we will investigate in
more detail in future work.
Biased stellar kinematics: Figure 3 (bottom) showed that
because young stars inherit the kinematics of outﬂowing/
infalling gas from which they form, young stars can have
biased kinematics as compared with older stars. In addition,
Figure 3 suggested that the observed radial velocity (or line of
sight velocity dispersion) should be higher in actively star-
forming galaxies than in post-starburst galaxies with extended
outﬂows. Indeed, we ﬁnd that the velocity dispersion falls by
∼40% during outﬂow periods, when stars are more weakly
bound. Finally, at any stage of evolution, our results suggest
that the orbits of stars in low-mass galaxies may be strongly
anisotropic, in particular, strongly radially biased.
Gas outﬂows: Figure 2 showed that signiﬁcant neutral gas is
blown beyond the outskirts of the stellar distribution following
starburst episodes. First, these outﬂows should be observable
directly in nearby post-starburst galaxies. Several of the late-
time outﬂows in m10.6, m11, m11v, and m11.2 carry more
than 108Me of neutral hydrogen beyond R90mass, which is at
least 10×more than the lower limits of resolved H I
interferometric observations of nearby galaxies (Hunter
et al. 2012). Second, one could compare the short-timescale
ﬂuctuations in H I mass in our simulated galaxies over a single
starburst cycle to the scatter in observed H I mass at ﬁxed Mstar
(see, for example, Bradford et al. 2015).
Relation between population gradients and cores: Figure 10
showed that stellar feedback dramatically can affect and even
invert age and metallicity radial gradients in low-mass galaxies.
Although our simulated galaxies experience inside-out growth,
radial migration erases or inverts these population gradients
because old stars migrate outward more than young stars.
Because the physical processes responsible for stellar migration
are the same processes that produce dark matter cores, our
results appear to imply that, at ﬁxed Mstar, galaxies with
stronger cores will have more positive age gradients and more
negative metallicity gradients than those with cusps or weaker
cores. However, a larger suite of simulations, with a greater
diversity of late-time population gradients, is needed to make
this prediction concrete, since all the low-mass galaxies we
study here develop both positive age gradients and strong dark
matter cores.
Stellar halos of low-mass galaxies: Figure 5 showed that the
oldest stars (>8 Gyr) in m10.6 have migrated outward the
most, an average of ∼4 kpc, or 2 Re(z=0), from where they
formed, and Figure 7 showed that the oldest stars (on average)
are at the largest radii at z=0. Many of these oldest stars
migrated sufﬁciently far that they likely would be classiﬁed as
part of the stellar halo. Thus, our results suggest that the stellar
halos of such galaxies may provide observational probes of the
earliest stars that formed near the core, as has also been
suggested by studies that ﬁnd radial migration at high redshift
(Stinson et al. 2009; Maxwell et al. 2012).
Our analysis represents an early examination into stellar
kinematics and radial migration in low-mass galaxies. These
results motivate more comprehensive theoretical studies, with
larger simulation samples, to delineate further the dependence
on mass and formation history, as well as the scatter across
populations.
We thank Jeremy Bradford for sharing observational data
and Coral Wheeler and Frank van den Bosch for useful
discussions and comments. We also thank the reviewer for
helpful comments. K.E. acknowledges support from the
Caltech SURF program. A.R.W. gratefully acknowledges
support from the Moore Center for Theoretical Cosmology
and Physics at Caltech via a Moore Prize Fellowship, and from
Carnegie Observatories via a Carnegie Fellowship in Theore-
tical Astrophysics. M.G. acknowledges a fellowship from the
John S. Guggenheim Memorial Foundation. Support for P.F.H.
was provided by an Alfred P. Sloan Research Fellowship,
16
The Astrophysical Journal, 820:131 (17pp), 2016 April 1 El-Badry et al.
NASA ATP Grant NNX14AH35G, and NSF Collaborative
Research Grant #1411920 and CAREER grant #1455342.
D.K. and T.K.C. were supported in part by NSF grant AST-
1412153, and funds from the University of California San
Diego. C.A.F.G. was supported by NSF through grants AST-
1412836 and AST-1517491, by NASA through grant
NNX15AB22G, and by Northwestern University funds.
Numerical calculations were run on the Caltech compute
cluster “Zwicky” (NSF MRI award #PHY-0960291) and on
allocations TG-AST120025 and TG-AST130039 granted by
the Extreme Science and Engineering Discovery Environment
(XSEDE) supported by the NSF.
REFERENCES
Benítez-Llambay, A., Navarro, J. F., Abadi, M. G., et al. 2015,
arXiv:1511.06188
Binney, J., & Lacey, C. 1988, MNRAS, 230, 597
Blanton, M. R., Kazin, E., Muna, D., Weaver, B. A., & Price-Whelan, A. 2011,
AJ, 142, 31
Boylan-Kolchin, M., Bullock, J. S., & Kaplinghat, M. 2011, MNRAS,
415, L40
Bradford, J. D., Geha, M. C., & Blanton, M. R. 2015, ApJ, 809, 146
Bressan, A., Marigo, P., Girardi, L., et al. 2012, MNRAS, 427, 127
Brooks, A., & Teyssier, M. 2015, in American Astronomical Society Meeting
Abstracts 225, 129.01
Brooks, A. M., Solomon, A. R., Governato, F., et al. 2011, ApJ, 728, 51
Chan, T. K., Kereš, D., Oñorbe, J., et al. 2015, MNRAS, 454, 2981
Christensen, C. R., Davé, R., Governato, F., et al. 2015, arXiv:1508.00007
de Boer, T. J. L., Tolstoy, E., Lemasle, B., et al. 2014, A&A, 572, A10
Dekel, A., & Silk, J. 1986, ApJ, 303, 39
Di Cintio, A., Brook, C. B., Macciò, A. V., et al. 2014, MNRAS, 437, 415
Di Matteo, P., Haywood, M., Combes, F., Semelin, B., & Snaith, O. N. 2013,
A&A, 553, A102
Dolphin, A. E., Saha, A., Skillman, E. D., et al. 2003, AJ, 126, 187
Dutton, A. A., Macciò, A. V., Frings, J., et al. 2015, arXiv:1512.00453
Faucher-Giguère, C.-A., Hopkins, P. F., Kereš, D., et al. 2015, MNRAS, 449, 987
Faucher-Giguère, C.-A., Lidz, A., Zaldarriaga, M., & Hernquist, L. 2009, ApJ,
703, 1416
Ferland, G. J., Porter, R. L., van Hoof, P. A. M., et al. 2013, RMxAA, 49, 137
Garrison-Kimmel, S., Rocha, M., Boylan-Kolchin, M., Bullock, J. S., &
Lally, J. 2013, MNRAS, 433, 3539
Geha, M., Blanton, M. R., Yan, R., & Tinker, J. L. 2012, ApJ, 757, 85
Geha, M., Weisz, D., Grocholski, A., et al. 2015, ApJ, 811, 114
Gentile, G., Famaey, B., Zhao, H., & Salucci, P. 2009, Natur, 461, 627
Gerola, H., Seiden, P. E., & Schulman, L. S. 1980, ApJ, 242, 517
Gonzalez-Samaniego, A., Avila-Reese, V., & Colin, P. 2015,
arXiv:1512.03538
González-Samaniego, A., Colín, P., Avila-Reese, V., Rodríguez-Puebla, A., &
Valenzuela, O. 2014, ApJ, 785, 58
Governato, F., Brook, C., Mayer, L., et al. 2010, Natur, 463, 203
Governato, F., Weisz, D., Pontzen, A., et al. 2015, MNRAS, 448, 792
Governato, F., Zolotov, A., Pontzen, A., et al. 2012, MNRAS, 422, 1231
Haehnelt, M. G. 1995, MNRAS, 273, 249
Hahn, O., & Abel, T. 2011, MNRAS, 415, 2101
Hayward, C. C., & Hopkins, P. F. 2015, arXiv:1510.05650
Henriksen, R. N., & Widrow, L. M. 1997, PhRvL, 78, 3426
Hidalgo, S. L., Marín-Franch, A., & Aparicio, A. 2003, AJ, 125, 1247
Hopkins, P. F. 2013, MNRAS, 428, 2840
Hopkins, P. F. 2015, MNRAS, 450, 53
Hopkins, P. F., Kereš, D., Oñorbe, J., et al. 2014, MNRAS, 445, 581
Hu, C.-Y., Naab, T., Walch, S., Glover, S. C. O., & Clark, P. C. 2015,
arXiv:1510.05644
Hunter, D. A., Ficut-Vicas, D., Ashley, T., et al. 2012, AJ, 144, 134
Jiang, F., & van den Bosch, F. C. 2015, MNRAS, 453, 3575
Karachentsev, I. D., Makarov, D. I., & Kaisina, E. I. 2013, AJ, 145, 101
Kaufmann, T., Wheeler, C., & Bullock, J. S. 2007, MNRAS, 382, 1187
Kawata, D., Gibson, B. K., Barnes, D. J., Grand, R. J. J., & Rahimi, A. 2014,
MNRAS, 438, 1208
Kirby, E. N., Cohen, J. G., & Bellazzini, M. 2012, ApJ, 751, 46
Kirby, E. N., Lanfranchi, G. A., Simon, J. D., Cohen, J. G., & Guhathakurta, P.
2011, ApJ, 727, 78
Kroupa, P. 2002, Sci, 295, 82
Krumholz, M. R., & Gnedin, N. Y. 2011, ApJ, 729, 36
Larson, R. B. 1974, MNRAS, 169, 229
Lee, J. C., Kennicutt, R. C., Jr., Funes, S. J. J. G., Sakai, S., & Akiyama, S.
2009, ApJ, 692, 1305
Leitherer, C., Schaerer, D., Goldader, J. D., et al. 1999, ApJS, 123, 3
Levin, Y., Pakter, R., & Rizzato, F. B. 2008, PhRvE, 78, 021130
Lianou, S., & Cole, A. A. 2013, A&A, 549, A47
Loebman, S. R., Debattista, V. P., Nidever, D. L., et al. 2015,
arXiv:1511.06369
Lynden-Bell, D. 1967, MNRAS, 136, 101
Ma, X., Hopkins, P. F., Faucher-Giguere, C.-A., et al. 2015, arXiv:1504.02097
Madau, P., Shen, S., & Governato, F. 2014, ApJL, 789, L17
Mashchenko, S., Wadsley, J., & Couchman, H. M. P. 2008, Sci, 319, 174
Mateo, M. L. 1998, ARA&A, 36, 435
Mathews, W. G., & Baker, J. C. 1971, ApJ, 170, 241
Maxwell, A. J., Wadsley, J., Couchman, H. M. P., & Mashchenko, S. 2012,
ApJL, 755, L35
McQuinn, K. B. W., Skillman, E. D., Cannon, J. M., et al. 2010, ApJ, 724, 49
Mehlert, D., Thomas, D., Saglia, R. P., Bender, R., & Wegner, G. 2003, A&A,
407, 423
Minchev, I., Famaey, B., Combes, F., et al. 2011, A&A, 527, A147
Moore, B. 1994, Natur, 370, 629
Munshi, F., Governato, F., Brooks, A. M., et al. 2013, ApJ, 766, 56
Muratov, A. L., Kereš, D., Faucher-Giguère, C.-A., et al. 2015, MNRAS,
454, 2691
Navarro, J. F., Eke, V. R., & Frenk, C. S. 1996, MNRAS, 283, L72
Ogiya, G., & Mori, M. 2014, ApJ, 793, 46
Oh, S.-H., Hunter, D. A., Brinks, E., et al. 2015, AJ, 149, 180
Oñorbe, J., Boylan-Kolchin, M., Bullock, J. S., et al. 2015, MNRAS, 454,
2092
Oñorbe, J., Garrison-Kimmel, S., Maller, A. H., et al. 2014, MNRAS,
437, 1894
Pilyugin, L. S., Grebel, E. K., & Zinchenko, I. A. 2015, MNRAS, 450, 3254
Pontzen, A., & Governato, F. 2012, MNRAS, 421, 3464
Porter, D. H. 1985, PhD thesis, California Univ.
Read, J. I., Agertz, O., & Collins, M. L. M. 2015, arXiv:1508.04143
Read, J. I., & Gilmore, G. 2005, MNRAS, 356, 107
Rizzi, L., Held, E. V., Bertelli, G., & Saviane, I. 2004, MmSAI, 75, 110
Roškar, R., Debattista, V. P., Quinn, T. R., Stinson, G. S., & Wadsley, J.
2008a, ApJL, 684, L79
Roškar, R., Debattista, V. P., Stinson, G. S., et al. 2008b, ApJL, 675, L65
Roychowdhury, S., Chengalur, J. N., Begum, A., & Karachentsev, I. D. 2010,
MNRAS, 404, L60
Sánchez-Janssen, R., Méndez-Abreu, J., & Aguerri, J. A. L. 2010, MNRAS,
406, L65
Schroyen, J., De Rijcke, S., Koleva, M., Cloet-Osselaer, A., &
Vandenbroucke, B. 2013, MNRAS, 434, 888
Sellwood, J. A., & Binney, J. J. 2002, MNRAS, 336, 785
Shen, S., Madau, P., Conroy, C., Governato, F., & Mayer, L. 2014, ApJ,
792, 99
Simons, R. C., Kassin, S. A., Weiner, B. J., et al. 2015, MNRAS, 452, 986
Skillman, E. D. 2005, NewAR, 49, 453
Sparre, M., Hayward, C. C., Feldmann, R., et al. 2015, arXiv:1510.03869
Spolaor, M., Proctor, R. N., Forbes, D. A., & Couch, W. J. 2009, ApJL,
691, L138
Springel, V. 2005, MNRAS, 364, 1105
Stinson, G. S., Dalcanton, J. J., Quinn, T., et al. 2009, MNRAS, 395, 1455
Stinson, G. S., Dalcanton, J. J., Quinn, T., Kaufmann, T., & Wadsley, J. 2007,
ApJ, 667, 170
Teyssier, R., Pontzen, A., Dubois, Y., & Read, J. I. 2013, MNRAS, 429,
3068
Tollet, E., Macciò, A. V., Dutton, A. A., et al. 2015, arXiv:1507.03590
van Eymeren, J., Bomans, D. J., Weis, K., & Dettmar, R.-J. 2007, A&A,
474, 67
VandenBerg, D. A., Stetson, P. B., & Brown, T. M. 2015, ApJ, 805, 103
Vargas, L. C., Geha, M. C., & Tollerud, E. J. 2014, ApJ, 790, 73
Weisz, D. R., Dalcanton, J. J., Williams, B. F., et al. 2011, ApJ, 739, 5
Weisz, D. R., Dolphin, A. E., Skillman, E. D., et al. 2014, ApJ, 789, 147
Weisz, D. R., Johnson, B. D., Johnson, L. C., et al. 2012, ApJ, 744, 44
Wheeler, C., Pace, A. B., Bullock, J. S., et al. 2015, arXiv:1511.01095
Wielen, R. 1977, A&A, 60, 263
Zhang, H.-X., Hunter, D. A., Elmegreen, B. G., Gao, Y., & Schruba, A. 2012,
AJ, 143, 47
Zolotov, A., Brooks, A. M., Willman, B., et al. 2012, ApJ, 761, 71
17
The Astrophysical Journal, 820:131 (17pp), 2016 April 1 El-Badry et al.
